Liposomes containing single-chain amphiphiles, particularly fatty acids, exhibit distinct properties compared to those containing diacylphospholipids due to the unique chemical properties of these amphiphiles. In particular, fatty acid liposomes enhance dynamic character, due to the relatively high solubility of single-chain amphiphiles. Similarly, liposomes containing free fatty acids are more sensitive to salt and divalent cations, due to the strong interactions between the carboxylic acid head groups and metal ions. Here we illustrate techniques for preparation, purification, and use of liposomes comprised in part or whole of single chain amphiphiles (e.g., oleic acids).
Introduction
Liposomes, or vesicles -compartments bounded by bilayer membranes comprised of amphiphilic lipids -have found use in numerous biomedical applications as delivery vehicles for pharmaceuticals, models of cell membranes, and for the development of synthetic cells. We and others have also employed liposomes as models of primitive cell membranes in early life. 1, 2, 3, 4 Typically, in such systems, we employ singlechain amphiphiles containing only one lipid hydrocarbon tail (e.g., oleic acid), as these molecules are simpler to synthesize without the benefit of the coded protein enzymes modern cells employ.
Liposomes comprised of single-chain lipids are similar to those formed from diacylphospholipids (e.g., 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, or POPC) in that the boundary is composed of bilayer membranes. Liposomes formed from either class of lipids can retain a dissolved payload, and can be downsized and purified by different techniques. Several important differences result from the unique chemical characteristics of single-chain lipids. Vesicles formed by phospholipids are stable over a broad pH range, while fatty acid vesicles are only stable at neutral to mildly basic pH (ca. 7 -9), which requires certain pH buffer for vesicle preparation. Most of the time, this buffer may also contain specific soluble molecules for vesicle encapsulation, which can be either functional materials (e.g., RNA) for compartmentalized biochemical reactions or simple fluorescent dyes (e.g., calcein) for vesicle characterization.
The presence of only a single hydrocarbon chain produces a membrane that is both more permeable to solutes, as well as more dynamic. Additionally, the carboxylic acid head group present in fatty acids results in vesicles that are more sensitive to the presence of salt and divalent cations (e.g., Mg
2+
). Magnesium is one of the most important divalent cations for catalyzing biochemical reactions in protocells for origin-of-life studies. In early life, prior to the evolution of sophisticated protein enzymes, RNA may have been the dominant polymer, due to its dual capability to self-replicate and perform catalysis. One representative example of a magnesium-requiring RNA related reaction is non-enzymatic RNA copying, first demonstrated in 1960s. 5 When chemically activated RNA nucleotides (i.e. 2-methylimidazolide nucleotides) bind to a preexisting primer-template complex, the 3'-hydroxyl group of the primer attacks the 5'-phosphate of an adjacent activated monomer to displace the leaving group (i.e. 2-methylimidazole), and forms a new phosphodiester bond. This RNA copying chemistry requires a high concentration of Mg
, which needs to be chelated in order to be compatible with fatty acid protocells. 6 Another Mg 
Representative Results
We typically perform liposome purifications on size-exclusion columns. Typical liposome preparations contain a fluorophore of some kind. When liposomes are generated and extruded, the species to be encapsulated are present both inside and outside of the liposomes. By purifying liposomes on a size-exclusion resin (Sepharose 4B), unencapsulated solutes are retained within the pores of the resin, while the larger liposomes are not and elute first ( Figure 1A) . Collecting fractions and plotting fluorescence vs. fraction number ( Figure 1B ) typically yields a twopeak trace, with the early-eluting fractions corresponding to the liposomes, which are then collected and used in subsequent applications.
We frequently examine nonenzymatic primer extension reactions, which were a likely means of RNA replication prior to the emergence of ribozyme and protein-based RNA polymerases. These reactions typically employ a fluorescently labeled primer (Figure 2A) , which is extended by activated monomers. These reactions can be monitored by gel electrophoresis (Figure 2B ) and the resulting electropherograms integrated to obtain rate constants for a given reaction condition ( Figure 2C ).
To demonstrate that RNA could function inside protocells, we employ hammerhead ribozyme self-cleavage ( Figure 3A) as a model RNA catalytic reaction. This reaction requires free Mg 2+ to facilitate catalysis, and therefore we used OA/GMO vesicles since they are stable in the presence of 5 mM Mg
2+
. Similar to primer extension reactions, the hammerhead ribozyme self-cleavage reaction can also be monitored by gel electrophoresis ( Figure 3B ) and later analyzed to acquire the rate constant under specific conditions ( Figure 3C ).
We image liposomes employing both fluorescence and transmitted light. Liposomes can be labeled using fluorescent lipids, which give a membrane label (Figure 4A ), or using a fluorescent solute within their lumen ( Figure 4B ). Transmitted light can also be used to observe vesicles (also shown in Figure 4B ). In this protocol, although we use oleic acid as an example for liposome formation, other long chain unsaturated fatty acids (C14) and their derivatives (ca. myristoleic acid, palmitoleic acid, and the corresponding alcohols and glycerol esters) also form vesicles following the thin film rehydration method as long as the total lipid concentration is above the cmc and the hydration buffer pH is close to the pKa of the fatty acid within the membrane. Other than tris-HCl buffer used in this protocol, other buffer systems (ca. bicine, phosphate, borate) were reported to support fatty acid vesicle formation, though vesicles formed in phosphate or borate buffer are usually quite leaky 13 . The resulting fatty acid vesicles after rehydration are polydisperse and multilamellar, but are easily converted into small monodisperse unilamellar vesicles by extrusion as described. Compared with sonication as an alternative method for generating small vesicles, extrusion provides more options for the control of vesicle size by applying different pore size membranes. Vesicles after extrusion are usually slightly bigger than the membrane pore size, but by increasing the number of extrusion cycles, vesicles with a narrower size distribution and an average size close to the membrane pore size can be obtained.
In order to synthesize functional protocells, fatty acid vesicles need to host specific biochemical reactions resulting from the encapsulation of RNA or other building blocks. The thin film rehydration method provides an easy way to form vesicles containing desired encapsulated materials. However, the encapsulation efficiency is relatively low and a large fraction of precious materials such as RNA are typically lost during the purification process. In some cases the encapsulation efficiency can be modestly improved by repeated freeze-thaw cycles before extrusion. Microfluidic methods for the high yield preparation of phospholipid liposomes allow for almost 100% encapsulation efficiency, however analogous methods have not yet been developed for fatty acid vesicles.
When handling protocells with either chelated or free Mg 2+ , purification after magnesium solution addition and repurification before each time point ensures the removal of leaked encapsulated material that might affect the accuracy of reaction rate measurements inside vesicles. Since each purification takes at least 10 min to achieve good separation and to collect vesicle fractions, the analysis of fast reactions is difficult, and the reaction must be stopped prior to column repurification.
The protocol we present here is well suited for the construction of fatty acid liposomes that host reactions mimicking those that might occur in primitive cells. Our protocols also enable potential applications in the development of biomedical delivery systems and bioreactors for other biochemical reactions.
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